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Abstract 

An  amorphous,  150  pm  thick  freestanding  sheet  of  a  TiAl-based  alloy  was  produced  by  a  physical  vapor  deposition 
method.  The  following  phase  transformations  were  observed  and  analyzed  using  differential  thermal  analysis 
and  X-ray  diffraction,  amorphous  — >  body  centered  cubic  ff  — ►  hexagonal  close-packed  a  -*  tetragonal  y  +  ordered 
HCP  ol2.  ©  2002  Acta  Materialia  Inc.  Published  by  Elsevier  Science  Ltd.  All  rights  reserved. 

Keywords:  Physical  vapor  deposition;  Differential  thermal  analysis;  X-ray  diffraction;  Amorphous  materials;  Titanium  aluminide; 
Phase  transformations 


1.  Introduction 

Titanium  aluminides  are  considered  as  promis¬ 
ing  materials  for  use  in  sheet  form  for  high-tem¬ 
perature  airspace  applications  such  as  thermal 
protection  systems  because  of  their  low  density, 
high  temperature  strength,  reasonable  oxidation 
resistance,  and  low  thermal  conductivity  [1], 
However,  these  materials  are  generally  brittle  at 
temperatures  below  700  °C,  which  may  cause 
fracturing  and  failure  of  the  thermal  protection 
system.  The  ductility  of  TiAl  alloys  can  be  im¬ 
proved  through  microstructural  modifications.  In 
particular,  the  brittle‘-to-ductile  transition  temper- 
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ature  can  be  decreased  and  ductility  can  be  im¬ 
proved  by  grain  refinement  to  submicron-size 
levels  [2-4].  Non-equilibrium  processes  such  as 
rapid  solidification,  mechanical  alloying,  or  phys¬ 
ical  vapor  deposition  can  be  effectively  used  to 
produce  fine-grain  structures.  Moreover,  it  has 
recently  been  established  that  TiAl-based  alloys 
can  become  amorphous  when  produced  by  these 
non-equilibrium  techniques  [5-9].  The  amorphous 
phase  can  then  be  a  precursor  to  a  nanocrystalline 
structure  by  simultaneous  compaction  and  crys¬ 
tallization  through  control  of  the  time  and  tem¬ 
perature  conditions  [9].  Of  course,  knowledge  of 
the  crystallization  kinetics  of  the  amorphous  phase 
and  microstructural  evolution  of  crystallized  pha¬ 
ses  is  required  to  properly  control  the  final  micro- 
structure  and  properties. 

In  the  present  work,  an  amorphous  sheet  of  a 
TiAl-based  alloy  was  produced  by  physical  vapor 
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deposition  (PVD),  and  the  crystallization  kinetics 
of  the  amorphous  phase  were  studied  during  con¬ 
tinuous  heating.  The  phases  produced  after  crys¬ 
tallization  and  their  lattice  parameters  were  also 
identified. 


2.  Experimental  procedures 

A  freestanding  film  of  a  y-TiAl  alloy  was  de¬ 
posited  using  a  magnetron  sputtering  method.  A 
■n-46.5Al-2Nb-l.6Cr-0.5W  (atomic  %)  alloy  of 
potential  engineering  importance  [10]  was  used  as 
the  target  material.  The  film  was  deposited  onto  a 
50  mm  x  75  mm  polished  Cu  substrate,  using  a 
152  mm  diameter  sputtering  gun  with  a  source- 
to-substrate  distance  of  100  mm.  During  deposi¬ 
tion,  the  substrate  temperature  was  held  to  below 
40  °C  using  a  water-cooled  substrate  holder,  and 
the  substrate  temperature  was  monitored  using  a 
thermocouple  in  intimate  contact  with  the  sub¬ 
strate.  The  chamber  base  pressure  was  better  than 
2  x  10-7  Torr  prior  to  deposition,  and  high-purity 
Ar  gas  was  flowed  through  the  chamber  at  a  rate 
of  80  seem  and  a  pressure  of  3  mTorr  during  de¬ 
position.  For  the  deposition,  a  DC  power  supply 
was  kept  at  constant  power  of  500  W,  and  the 
target  was  sputtered  for  1  h  prior  to  starting  the 
deposition  run.  The  deposition  lasted  for  48  h, 
which  resulted  in  a  film  thickness  of  approximately 
150  pm.  Freestanding  foils  were  obtained  by 
removing  the  as-deposited  substrate  from  the 
vacuum  chamber,  at  which  time  the  y-TiAl  film 
spontaneously  delaminated  from  the  substrate. 

Crystallization  kinetics  of  the  amorphous  phase 
were  studied  using  a  Universal  V2.3C  TA  differ¬ 
ential  thermal  analysis  (DTA)  unit.  The  samples 
were  heated  in  the  temperature  range  of  50-1000 
°C  in  an  argon  atmosphere.  Heating  rates  of  5,  10, 
20,  30  and  50  °C/min  were  used  to  determine  the 
activation  enthalpy  of  the  processes  controlling 
crystallization  and  phase  transformations  in  this 
temperature  range  by  Kissinger’s  method  [11]. 
Microstructural  characterization  was  performed 
on  foils  heated  to  selected  temperatures  at  the  rate 
of  5  °C/min  and  then  immediately  cooled  at  a  rate 
exceeding  20  °C/min.  The  phases  present  in  the 
specimens  were  examined  via  X-ray  diffraction 


(XRD)  with  the  use  of  a  Rigaku  Rotaflex  X-ray 
diffractometer,  using  CufL,  radiation. 


3.  Results 

An  XRD  pattern  of  the  TiAl-based  alloy  pro¬ 
duced  by  PVD  is  shown  in  Fig.  1(a).  A  spread  halo 
is  present  in  the  20  range  of  35-45°,  indicating 
that  the  sheet  was  fully  amorphous.  Transmission 
electron  microscopy  of  the  as-deposited  film  shows 
an  amorphous  matrix  with  a  small  volume  fraction 
(<1  vol.%)  of  a  crystalline  phase,  which  is  illus¬ 
trated  in  Fig.  2.  DTA  shows  three  exothermic  re¬ 
actions  in  the  temperature  range  of  50-1000  °C 
during  heating  at  a  rate  of  5  °C/min,  with  reaction 
maxima  at  523,  537,  and  648  °C,  as  shown  in  Fig. 
3.  To  understand  the  origin  of  these  reactions,  the 
as-deposited  foils  were  heated  in  the  DTA  at  the 
rate  of  5  °C/min  to  520,  530,  575  or  800  °C  (cor¬ 
responding  locations  on  the  DTA  curve  are  shown 
in  Fig.  3),  immediately  cooled  after  reaching  these 
temperatures  and  analyzed  with  the  use  of  XRD. 
The  XRD  patterns  of  the  heat-treated  specimens 
are  given  in  Fig.  l(b)-(e). 


Fig.  1.  XRD  patterns  of  a  TiAl  foil  produced  by  PVD  in  (a)  as- 
deposited  condition  and  (b)-(e)  after  heating  at  (b)  520  °C,  (c) 
530  °C,  (d)  575  °C  and  (e)  800  °C. 


Fig.  2.  (a)  Bright-field  and  (b)  dark-field  TEM  images  of  the  as-deposited  TiAl  sheet  and  (c)  corresponding  selected  area  diffraction 
pattern.  The  volume  fraction  of  small  crystallites,  which  have  been  identified  as  the  HCP  a2  phase,  inside  the  amorphous  phase  is  <1%. 


Fig.  3.  DTA  curve  of  an  amorphous  TiAl  sheet  produced  by 
PVD.  Heating  rate  is  5  °C/min.  Characteristic  points  of  the 
DTA  curve  to  which  several  specimens  were  heated  for  the 
following  XRD  analysis  are  indicated  by  open  circles  and 
the  corresponding  temperatures  are  given. 

After  heating  to  520  °C  (i.e.  3  °C  below  the 
maximum  for  the  first  exothermic  reaction),  three 
intense  peaks  from  a  crystalline  phase  together 
with  a  halo  from  a  residual  amorphous  phase  are 
detected,  Fig.  1(b).  These  three  peaks  identified  a 
body  centered  cubic  (BCC,  p)  phase  with  the  lat¬ 
tice  parameter  a  =  0.3195  nm.  This  (3  phase  was 
also  present  after  heating  to  530  °C,  and  two  ad¬ 
ditional  peaks  from  an  unidentified  crystalline 


phase  were  also  detected  on  the  XRD  pattern  from 
this  specimen  (see  Fig.  1(c)). 

Heating  the  specimen  to  575  °C,  i.e.  above  the 
second  exothermic  reaction  but  below  the  third 
one  (Fig.  3)  resulted  in  the  XRD  pattern  shown  in 
Fig.  1(d).  No  amorphous  halo  was  detected  and 
the  wide  XRD  peaks  were  identified  as  belonging 
to  the  disordered  hexagonal  close  packed  (HCP)  a 
phase,  with  the  lattice  parameters  a  —  0.289  nm 
and  c  =  0.460  nm.  Intensities  of  the  XRD  peaks 
from  this  phase  were  much  smaller  and  the  peaks 
were  wider  as  compared  to  the  XRD  peaks  from 
the  BCC  (P)  phase,  which  may  indicate  that  the 
grains  of  the  a  phase  were  much  finer  than  the 
grains  of  the  p  phase.  Recent  TEM  studies  [12] 
also  support  this  statement. 

After  heating  to  800  °C,  i.e.  above  the  third 
exothermic  reaction  shown  in  Fig.  3,  two  phases 
were  easily  identified  on  the  corresponding  XRD 
pattern  (Fig.  1(e)).  These  are  the  ordered  HCP  a2 
phase  and  the  tetragonal  y  phase.  The  XRD  peaks 
from  the  latter  phase  were  much  more  intense  than 
those  from  the  a2  phase,  indicating  that  the  y 
phase  was  the  major  phase  in  this  annealed  speci¬ 
men.  The  lattice  parameters  of  the  y  phase  were 
determined  to  be  a  =  0.4008  nm  and  c  =  0.4055 
nm,  and  the  lattice  parameters  of  the  ot2  phase  were 
a  =  0.578  nm  and  c  =  0.460  nm. 
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It  can  be  concluded  from  the  DTA  and  XRD 
results  described  above  that  during  continuous 
heating  of  the  TiAl-based  amorphous  sheet  at 
a  heating  rate  of  5  °C/min,  crystallization  of  the 
amorphous  phase  initiates  at  513  °C  with  a  for¬ 
mation  of  a  metastable  BCC  P  phase.  The  meta¬ 
stable  P  phase  is  present  only  in  a  very  narrow 
temperature  range,  and  it  transforms  into  the  a 
phase  (through  formation  of  an  unidentified 
metastable  phase)  at  a  temperature  range  of  530- 
545  °C.  The  produced  oc  phase  has  a  very  fine  grain 
size,  which  is  manifested  by  broad,  low-intensity 
XRD  peaks  and  has  been  confirmed  in  a  recent 
TEM  investigation  [12].  This  phase  is  also  meta¬ 
stable  in  the  temperature  range  studied,  and  it 
transforms  into  the  y  and  ordered  a2  phases  in  the 
temperature  range  of  637-670  °C. 

Fig.  4  shows  the  effect  of  the  heating  rate  on  the 
kinetics  of  crystallization  and  phase  transforma¬ 
tions  in  the  PVD  TiAl-based  sheet.  All  reactions 
shift  towards  higher  temperatures  when  the  heat¬ 
ing  rate  increases.  However,  the  magnitudes  of  the 
peak  shifts  are  different  for  the  three  reactions. 
Further,  the  first  and  second  peaks  become  su¬ 
perimposed  at  heating  rates  of  20  °C/min  and 
higher.  As  a  result,  the  amorphous  phase  crystal¬ 
lizes  directly  to  the  a  phase,  without  intermediate 
formation  of  the  P  phase,  when  the  heating  rate 
exceeds  20  °C/min. 


According  to  Kissinger  [11],  the  activation  en¬ 
ergy,  E,  of  the  process  controlling  the  transfor¬ 
mation  is  given  by  the  following  equation: 


dj_ln(v/Tp)j 

d(l/TP) 


(1) 


where  v  is  the  heating  rate,  Tp  is  the  peak  maxi¬ 
mum  temperature,  and  R  is  the  gas  constant. 
Therefore,  the  activation  energy  can  be  determined 
from  slopes  of  the  curves  ln(u/rp2)  versus  1  jTv. 
These  curves  are  plotted  in  Fig.  5  for  each  of  the 
three  exothermic  reactions,  showing  linear  depen¬ 
dency.  The  activation  energies  were  determined  for 
the  first,  second  and  third  exothermic  peaks  to  be 
315  ±  5  kJ/mol  (for  amorphous  to  P),  363  ±  20  kJ '/ 
mol  (for  P  to  a),  and  324  ±  5  kJ/mol  (for  a  to 
a2  and  y),  respectively.  These  values  can  be  com¬ 
pared  with  the  activation  energies  for  self-diffusion 
in  P-Ti  (250  kJ/mol)  [13]  and  ot-Ti  (193  kJ/mol) 
[14],  volume  interdiffusion  in  oc2  (312  kJ/mol)  and  y 
(295  kJ/mol)  phases  [15],  and  volume  diffusion  of 
Ti  in  the  y  phase  (291  kJ/mol)  [16]. 

The  values  of  self-diffusion  in  a-Ti  and  p-Ti  are 
too  low  to  provide  agreement  with  the  measured 
activation  energies.  Further,  diffusion  in  elemental 
Ti  is  not  likely  to  represent  a  relevant  physical 
process  in  the  current  alloys  with  high  Al  con- 


Fig.  4.  DTA  curves  of  an  amorphous  TiAl  sheet  produced  by 
PVD.  The  heating  rates  of  10, 20  and  50  °C/min  are  shown  near 
corresponding  DTA  curves. 


Fig.  5.  Dependencies  of  the  logarithm  of  the  heating  rate  (in 
K/min)  normalized  to  the  square  of  the  peak  temperature  Tv  on 
the  reciprocal  peak  temperature  for  the  first,  second  and  third 
exothermic  peaks.  The  activation  energies  calculated  from  the 
corresponding  slopes  are  given  in  the  plot  area. 
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centrations.  As  the  first  two  transformations  es¬ 
tablished  here  represent  reactions  that  are  far  from 
equilibrium,  they  may  be  difficult  to  relate  to 
physical  processes  that  have  been  characterized 
in  equilibrium  crystalline  structures.  On  the  other 
hand,  the  measured  activation  energy  of  324  kJ/ 
mol  for  the  transformation  from  a  to  y  +  a2  in  the 
present  study  is  within  10%  of  the  values  cited  for 
volume  diffusion  in  oc2  (312  kJ/mol)  and  y  (295  kJ/ 
mol),  and  for  Ti  diffusion  in  y  (291  kJ/mol).  Each 
of  these  mechanisms  are  possible  rate-limiting  re¬ 
actions  for  this  final  transformation;  however,  the 
current  measurements  are  unable  to  distinguish 
between  these  three  possible  mechanisms. 

The  transformation  from  the  amorphous 
structure  to  a  and  then  from  a  to  y  and  a2  phases 
were  accounted  for  in  an  earlier  study  of  amor¬ 
phous  TiAl-based  alloys  prepared  by  mechani¬ 
cal  alloying  [9,17];  however,  higher  temperatures 
of  the  transformations  were  reported  than  were 
shown  in  our  work.  The  difference  in  the  results 
may  be  due  to  contamination  of  the  mechanically 
alloyed  powder  with  interstitial  elements,  which 
may  stabilize  the  amorphous  phase.  No  formation 
of  the  BCC  P  phase  during  crystallization  of  an 
amorphous  phase  was  previously  reported  in  this 
alloy  system.  It  should  be  noted  that  only  one 
heating  rate  of  20  °C/min  was  used  in  [9,17],  and 
we  have  shown  that  the  P  phase  cannot  be  detected 
at  this  high  heating  rate  (see  Fig.  4). 

A  metastable  primitive  cubic  phase  [6]  or  a  te¬ 
tragonal  phase  [7]  was  detected  using  TEM  during 
crystallization  of  an  amorphous  phase  in  TiAl  foils 
produced  by  magnetron  sputtering.  The  tetrago¬ 
nal  phase  was  observed  only  in  very  thin  regions 
of  TEM  specimens  and  only  dining  in  situ  exper¬ 
iments  at  temperatures  above  600  °C  [7],  and 
might  be  due  to  contamination  of  these  regions 
with  oxygen  or  carbon.  The  primitive  cubic  phase, 
similar  to  P-Mn  and  with  the  lattice  parameter 
a  =  0.69  nm,  was  discovered  in  thicker  foils  an¬ 
nealed  at  527  °C  for  1  h  [6],  It  is  interesting  that 
two  diffraction  peaks  from  an  unidentified  phase 
were  detected  in  our  work  (see  Fig.  1(c)),  after 
annealing  at  almost  the  same  temperature.  Anal¬ 
ysis  showed  that  these  two  unidentified  peaks  may 
be  interpreted  as  the  most  intense  (22 1)  and  (3  1 0) 
lines  of  the  primitive  cubic  phase  with  the  lattice 


parameter  a  =  0.67  nm.  However,  we  have  not 
positively  identified  this  phase  at  this  time.  De¬ 
tailed  results  of  investigation  of  microstructure 
and  mechanical  properties  of  the  alloy  at  differ¬ 
ent  stages  of  crystallization  will  be  reported  else¬ 
where. 


4.  Conclusions 

1.  An  amorphous,  freestanding  sheet  of  a  TiAl- 
based  alloy  was  produced  by  physical  vapor  de¬ 
position  methods  using  a  pre-alloyed  target, 
and  the  sheet  thickness  was  approximately  150 
pm. 

2.  The  amorphous  phase  is  stable  at  temperatures 
up  to  — -510  °C,  and  at  higher  temperatures, 
crystallization  occurs  in  two  stages.  At  heating 
rates  below  20  °C/min,  a  metastable  BCC  (P) 
phase,  stable  only  within  a  very  narrow  («10 
°C)  temperature  range,  is  initially  formed, 
which  then  transforms  into  an  HCP  (a)  phase 
(through  formation  of  another  metastable 
phase,  probably  with  a  primitive  cubic  struc¬ 
ture).  At  higher  heating  rates,  the  amorphous 
phase  transforms  directly  into  the  a  phase,  with¬ 
out  formation  of  the  p  phase. 

3.  The  metastable  a  phase  transforms  into  a  mix¬ 
ture  of  stable  tetragonal  (y)  and  ordered  oc2 
phases  at  temperatures  above  about  640  °C  by 
an  exothermic  reaction. 

4.  Activation  energies  of  the  processes  responsi¬ 
ble  for  the  transformations,  amorphous  — ►  P, 
p  — >  a  and  a  — ►  (y  +  a2),  were  determined  to 
be  315  ±5,  363  ±20,  and  324  ±5  kJ/mol,  re¬ 
spectively. 
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